Field observations showed that at two sites in northern Japan, the invasive naticid gastropod Euspira fortunei preferentially drills the left shell valve of the bivalve Ruditapes philippinarum. Laboratory experiments revealed that when R. philippinarum was allowed to adopt its normal life position, there was a statistically significant preference for E. fortunei to drill the left rather than right shell valve. Further observations of the predatory behaviour of E. fortunei showed that: (1) because this species lifted the left side of its foot while catching R. philippinarum, the direction of the apex of this snail's shell usually coincided with that of the clam's anterior margin; (2) the snail turned its prey around the axis of the anterior and posterior margin; (3) and that if the snail drilled the right shell valve of R. philippinarum, the foot and siphons of the clam interfered with its predatory behaviour.
INTRODUCTION
Predatory drill holes have been used in many ecological and palaeoecological studies on predator-prey interactions (see Kabat, 1990; Kelly & Hansen, 2003) . In particular, naticid gastropods drill through the shells of molluscan prey, leaving a characteristically shaped drill hole (e.g. Gray, Boulding & Brookfield, 2005) , and many studies have discussed these in regard to size selection (e.g. Rodrigues, Nojima & Kikuchi, 1987; Kingsley-Smith, Richardson & Seed, 2003) , prey selection (Kitchell et al., 1981) , co-evolution (Kelly, 1992) and escalation (Kelly & Hansen 1996; Dietl et al., 2002) . However, only a few studies have reported a preference for drilling holes in the left rather than right shell valves of bivalve prey (Rodrigues et al., 1987; Hirayama et al., 1996) , and no study has hitherto provided a hypothesis to explain this preference.
The naticid gastropod Euspira fortunei (Reeve, 1855) is native of southern Japan, Korea and China (Higo, Callomon & Goto, 1999) , but has occurred since 1999 in the Mangoku-ura Inlet, Miyagi Prefecture, northern Japan following introduction from China or Korea with imported seed of Ruditapes philippinarum (Sakai, 2000; Okoshi, 2004) . Before the 1990s, E. fortunei was threatened with extinction in southern Japan (Wada et al., 1996) . However, its invasive populations have suddenly increased recently in northern Japan. In our study area on the Tona coast ( Fig. 1) In the present study, we report on field observations that E. fortunei preferentially drills the left shell valve of R. philippinarum and examine the basis for this preference by laboratory experiments and observations.
MATERIAL AND METHODS

Field observations
Many articulated shells of dead Ruditapes philippinarum were opportunistically collected from the tidal flats around the Tona coast, Higashi-Matsushima City, Miyagi Prefecture ( Fig. 1 (Sakai, 2000; Okoshi, 2004) .
Laboratory experiments and observation
In order to analyse the relationship between the position of the drill hole and the postures of E. fortunei during the drilling of the shell of R. philippinarum, the following two experiments were conducted. In both experiments the organisms were maintained in the laboratory in four plastic tanks (Table 1) , which were placed together in a large glass tank (30 Â 60 cm, 40 cm high) with filtered running seawater ( Fig. 2A) . Experiment 1 was conducted from 20 October to 22 November 2006. At the beginning, a total 38 individuals of E. fortunei (shell height range 15-50 mm) and 63 individuals of R. philippinarum (shell length range 10-45 mm) were collected from the Tona coast and introduced to the four plastic tanks (Table 1) . In this experiment, the plastic tanks were partly filled with a layer of sand more than 10 cm thick (also from the Tona coast) in order that the bivalves could maintain its life position in the sand layer (Fig. 2B) (Table 1) . In these experiments, individuals of R. philipponarum were introduced to tanks with ,3 cm depth of sand, thus restricting burrowing of R. philippimarum (Fig. 2C) . In this case, the bivalves rested on the sand with either left or right shell valve uppermost. At the beginning of these experiments, a total 49 individuals of E. fortunei and 83 individuals of R. philippinarum were collected from the Tona coast and introduced to the four plastic tanks (Table 1) . Seawater temperature remained at ambient room temperature in both the former and the latter experiments (19.5 -21.58C and 17.0 -14.08C, respectively).
Further observations were made in order to examine the predatory behaviour of E. fortunei within the sediments. In order to observe how the snails caught and drilled the clams, clear beads were used instead of sand (Bright Beads; Bright Hyoshiki Ltd.). Four different grain sizes, i.e. (1) 425-600 mm, (2) 2000-2500 mm, (3) 2600-3400 mm and (4) 4600-5400 mm, were used. The four plastic tanks were placed together in a large glass tank with filtered running seawater ( Fig 
RESULTS
The distribution of drill holes
More than 300 and 700 articulated shells of Ruditapes philippinarum were collected opportunistically from the Tona coast ( (Table 2) . On both days, drill holes were observed more frequently on the left shell valves than on the right shell valves, and x 2 tests revealed significant differences (x 2 ¼ 37.813 and 129.683, P , 0.01; Table 2 ). The drill holes were countersunk and commonly observed around the umbo of each bivalve shell, and therefore typical of those drilled by naticid gastropods. A similar observation was made on the R. philippinarum shells from Mangoku-ura Inlet (Fig. 1B) collected on 10 April A. Four plastic tanks were placed together in a large glass tank with filtered running seawater. Arrow shows the current of seawater. B. In experiment 1, each plastic tank was filled with a .10-cm-thick layer of sand in order that the clams could maintain its life position in the sand layer. C. In experiment 2, each plastic tank was filled with ,3 cm depth of sand, thus restricting burrowing of the clams. In this case, the bivalves rested with either left or right shell valve upward in the sand. 2007; the number of specimens drilled on the right and left shell valves were 34 and 149, respectively (x 2 ¼ 72.267, P , 0.01; Table 2 ).
Laboratory experiments
In laboratory experiments, there was also a statistically significant preference for E. fortunei to drill the left rather than right shell valve (x 2 ¼ 8.647, P , 0.01; Table 3 ), when R. philippinarum was allowed to adopt its normal life position in the first experiment. However, in the second experiment, when the clam was prevented from maintaining its life position because of the shallow depth of the sand provided, drill holes were found on 30 right shell valves and 33 left shell valves, a non-significant difference (x 2 ¼ 0.571, P . 0.05; Table 3 ).
Observations of Euspira fortunei feeding on Ruditapes philippinarum
Observations of E. fortunei feeding on R. philippinarum revealed four successive phases of behaviour: (1) capture, (2) smothering, (3) rotation and (4) drilling. These are described in detail below.
(1) Clam capture. Because the orientation of the shell of E. fortunei leans to the right side of its body (Fig. 3A) , this species lifts the left side of its foot while exploring and capturing R. philippinarum, as observed through the clear bead sediments in every grain size (Fig. 3B, C) . The direction of the apex of the snail's shell was usually observed to coincide with that of the clam's anterior margin (Fig. 3D) . (2) Smothering of the clam. Once caught, the clam was often observed to struggle using its siphon and foot and occasionally succeeded in escaping the snail's attack. Euspira fortunei was observed to secrete copious amounts of pedal mucus, which enveloped and hardened around the prey (Fig. 3E) , immobilizing it for a few days and preventing foot protrusion. If the wrapping was removed, however, the clam could move again. (3) Clam rotation. Once E. fortunei had caught R. philippinarum, the snail often held the clam on the dorsal surface of the foot behind its shell and moved it around for a few days in this position (Fig. 3F ). Prior to drilling, the snail moved the clam from the dorsal surface of its foot to its mouth by rotating the clam's shell around the axis of the anterior and posterior margins. (4) Drilling the clam. Once E. fortunei had manipulated the prey, it began to drill the clam's shell. When the snail drilled through the right shell valve of R. philippinarum, the foot and siphons of the clam faced snail's body (Fig. 3G,  H) . If the mucus was not fully wrapped around the clam's shell, the clam was able to escape from the snail by struggling with its foot and siphons. However, when the snail drilled and penetrated the left shell valve of the clam, the foot and siphons of the clam did not interfere with the snail's body (Fig. 3I) . The time taken to complete the drilling was less than one day.
DISCUSSION
Along the Tona coast and Mangoku-ura Inlet, predatory drill holes in Ruditapes philippinarum were observed significantly more frequently on the left shell valves than on the right shell valves (Table 2) . Kabat (1990) reported that the majority of studies have shown little preference for right vs left shell valves of bivalve prey, as would be expected given the equivalve nature of most infaunal bivalves. However, Rodrigues et al. (1987) and Hirayama et al. (1996) have reported that Glossaulax didyma preferentially drills through the left shell valves of R. philippinarum despite its symmetrical valves. Here we report a similar preference of Euspira fortunei to drill the left shell valves of R. philippinarum. Laboratory experiments revealed that drill holes were made on the left shell valves significantly more frequently than on the right shell valves only when R. philippinarum maintained its life position (Table 3) . Observations of the behaviour of E. fortunei showed that this species lifted the left side of its foot in the sediments (Fig. 3B, C) , because the orientation of the shell of E. fortunei leans to the right side of its body (Fig. 3A) . In its normal life position (experiment 1), the anterior margin of the clam was directed downward in the sediment (Fig. 4A) . The snail then held the clam using the left side of its foot, while its apex was inevitably directed downward in the sediment. Therefore, the direction of the apex of the snail's shell usually coincided with that of the clam's anterior margin Table 3 . Results of laboratory experiments 1 and 2 using Ruditapes philippinarum and Euspira fortunei. (Fig. 4B) . In contrast, if the prey clam could not maintain its life position (experiment 2), the direction of the apex of the snail's shell did not necessarily coincide with that of the clam's anterior margin. These results suggest that the clam's life position dictates the preference of E. fortunei to drill the left shell valves. It was also confirmed that E. fortunei usually turned the shell of R. philippinarum around the axis of anterior and posterior margins. Therefore, the direction of the clam's anterior margin did not change when the snail moved the clam towards its mouth. In such a situation, if the snail attempted to drill the right shell valve of the clam, the clam's foot and siphon faced the snail's body (Fig. 4C) . In this case, using its siphons and foot, the clam occasionally succeeded in escaping the snail's attack. Richter (1962) suggested that the mucus secretion in Lunatia nitida helps to keep the bivalve prey closed. Euspira fortunei similarly secreted copious amounts of pedal mucus that wrapped around the prey clam. This observation indicates that the movement of the clam's foot and siphon can interfere with the snail's predatory attack. Only when the clam was effectively wrapped in the mucus, did the snail succeed in drilling the clam's right shell valve. In contrast, if the snail drilled the clam's left shell valve, the foot and siphon of the clam could not hit the snail's body (Fig. 4D) , allowing drilling without resistance.
Another naticid, Glossaulax didyma, is also known to preferentially drill through the left shell valves of R. philippinarum (Rodrigues et al., 1987; Hirayama et al., 1996) . As in E. fortunei, the orientation of the shell of this species also leans slightly to the right side of its body, and it is therefore easier to lift the left side of its foot rather than the right side in the sediments. In this species, the orientation of the shell (SH) leans to the right side of its body. RF and LF are the right and left side of the foot, respectively. B. In the clear-bead sediments (4600-5400 mm), Euspira fortunei was observed usually to lift the left side of its foot. C. Image drawing of B. D. When E. fortunei caught Ruditapes philippinarum, the apex (AP) of the snail's shell usually coincided with that of the clam's anterior margin (AM). RV is the right shell valve of R. philippinarum. E. R. philippinarum was wrapped by mucus (MC) from E. fortunei. F. E. fortunei held R. philippinarum using the foot behind its shell and dragged it. G, H. E. fortunei sometimes drilled the right shell valve of R. philippinarum. The left shell valve (LV) of the clam is partly shown. The foot and siphon of the clam then faced the direction of the snail's body. I. When E. fortunei drilled the left shell valve of R. philippinarum, the foot and siphon of clam did not interfere with the direction of the snail's body. Figure 4 . Diagrammatic representation of the predatory behaviour of Euspira fortunei to explain why it prefers to drill the left shell valve of Ruditapes philippinarum. Because E. fortunei usually lifts the left side of its foot in the sediments (A), the direction of the apex of this snail's shell usually coincides with that of the clam's anterior margin (B). When E. fortunei drills the right shell valve of R. philippinarum, the foot of the clam interferes with the foot of E. fortunei (C), whereas if the snail drills the left shell valve of the clam, the foot and siphon of the clam could not hit the snail's body (D). Dark grey shows the sediment.
